Abstract

Introduction and Background
Inflatable structures have been the subject of renewed interest in recent years for space applications such as communications antennas, solar thermal propulsion, and space solar power (Figs. I-2). A major advantage of using inflatable structures in space is their extremely light weight.
An obvious second advantage is on-orbit deployability and subsequent space savings in the launch configuration.
However, it is widely recognized that for long-tcrm use and survivability in space, inflatable structures must be rigidized by some means. This is particularly true for support structures such as booms and torus elements, where the pressure is relatively high compared to very large pressurized elements. Obviously, the higher the internal pressure required to support the inflatable structure, the greater the volume (and weight) of make-up gas that would have to be carried aboard the spacecraft if the structure were not rigidized.
Several of the mechanisms and materials for rigidizing inflatable structures that have been proposed are discussed in Ref. 1, including (1) thermoset composites, which can be cured thermally, by UV exposure, and by inflation gas reaction;
(2) shape memory materials; The author discussed the inflatable Echo I satellite, and problems inherent with non-rigidized inflatable structures, pointing out the fact that long-term flight in a micrometeorite environment would entail a high probability of puncture. The paper included a discussion of "foamed-in-place" structures which would be rigidized by (1) spraying or injecting foam into the structure, (2) predistributing foam powder over or inside the structure to be thermally activated, and (3) using micro-encapsulated foam reactants applied to the inflatable structure surface, to be thermally activated by melting the capsule covers.
As of 1962, several foamedin-place solar collectors had been fabricated on the ground, and a 7-ft diameter sphere had been foam-rigidized in a vacuum chamber. Both silicone and twopart epoxy adhesives were investigated for the securing of the overlap seam, but it was found that the silicone lacked the strength required for repeated pa,:king and deployment of the structures. Once the adhesive had set up tor a few minutes, the article was slid off the mandrel and allowed to dry over night.
First
Styrofoam material was used for end caps, which were cut using a drill press with a hole saw
Inflation/Deployment Experiments and
Simulations Usincj MSC/DYTRAN An attempt was made to model the inflation process of these structures.
The real effort was to determine if this process could be modeled using MSC/DYTRAN software, and what it took to create such a model. The original process was to "draw" the structures in their deflated form, which was an extremely difficult and time-consuming task.
One of the first inflation models created in this fashion (Fig. 3) was a z-fold model, which was created by drawing an end cylindrical strut that flattened down to a fold after 3 inches then was folded back and forth on itself 10 times. During the inflation process, the model showed how unstable this type of packaging was, so an alternative folding scheme was investigated. This consisted of constructing the model of a strut, compacted down along the axial direction in a spiral fashion.
The model in Figure 4 shows a strut 30 inches long and with a 3" diameter compressed down to 4" in length. The deployment modeling of the struts, at this time, did not lead to a lot of data to compare to existing results, but instead was an exercise to see if this process could be done in MSC/DYTRAN.
It was discovered that drawing the structure as it exists, in its final inflated state, and then applying "folding" forces to the structure as it was deflated, proved to be an easier way to develop more complex folded structures.
Once the structure was fully deflated and folded, the forces were removed and the gas flow was reversed and the structure was inflated. This approach required additional computational time to accomplish the deflation process, but required a lot less CAD time to draw, as compared to drawing the objects in an initially deflated state. Another important parameter was the range of flow rates required to accomplish the inflation without popping or exploding the structure. For example, as mentioned previously the z-fold (unless under very low inflation rate) caused the strut to swing wildly until full inflation was achieved. The next step in the investigation of MSC/DYTRAN modeling of structure inflation is to compare the results to test data. Once the process is verified to actual small-scale prototypes, the process can be scaled up to simulate large structures that would be impractical or impossible to inflate on earth.
Deployment control could also be modeled and investigated using DYTRAN. For example, the z-fold packaging could be revisited with deployment control.
Foam Injection and Rigidization of Thin-Film Cylinders and Tubes
Foam injection was carried out using commercially available spray-on polyurethane foam. Three commercially available foams were used in this study. Foam distribution was one of the most difficult problems that arose during fabrication.
Once the foam exits the distribution hose, it expands radially. Tests using a rapid curing two-part foam showed that use of a single injection location results in blockage of the filling space before an entire structure can be injected with foam. For this reason, one-part slow curing foam was used in most of the laboratory demonstrations. E = 318.59D ''lS°x (Eq. 2) After the elastic modulus was determined, the modeling could begin, and there were many different struts that wherc modeled. One example of a strut modeled was a 6" diameter, 6' long foam-filled strut. The foam density of this strut was 2 lb/ft 3. Based on this density, Eq. (2) gave a modulus value of 707.08 psi.
Poisson's ratio for this foam is 0.30.
Another type of strut that was considered was an annular foam-filled tube. The reason for going to the annular tube geometry was to minimize the weight without reducing the overall stiffness and strength of the structure to any great degree. The particular strut that was modeled had the following properties: length = 12", outside diameter = 3.5", inside diameter = 3", modulus = 1273 psi, density = 2 lb/ft^3, and Poisson's ratio = 0.30.
The results obtained for the rigidized struts will be compared to the results of ongoing modal testing of struts, when the tests are complete.
One observation of interest was that the thin layer of Kapton (0.002 in) made the structure considerably more stiff and increased the natural frequencies significantly (Table 3 ). In light of this discovery all the subsequent models included this layer of Kapton, with the foam contained inside. Also included for in Table 3, for comparison to finite element results, are the frequencies from analytical beam theory for the bending modes.
Summary and Observations
Finite Element Modeling Approach and Results for Foam-Filled Struts
One problem that became apparent at a very early stage of modeling was the difficulty of determining material properties for the loam. Properties lbr higher density foam were commonly available in the literature, but not for the low-density loam that was used in this study. Finally, after extensive research, it was found that most of the foam properties could be determined if the composition of the foam was known as well as its density (Ref 17). The most important information that came out of this research was that the elastic modulus can bc described by the following equation, for low-density foam (below 4 lb/ft3):
where D is density in lb/ft 3, and E is the modulus of elasticity.
This approximation proved to be a good starting point. 
